Growing evidence suggests that microbes can influence the efficacy of cancer therapies. By studying colon cancer models, we found that bacteria can metabolize the chemotherapeutic drug gemcitabine (2′,2′-difluorodeoxycytidine) into its inactive form, 2′,2′-difluorodeoxyuridine. Metabolism was dependent on the expression of a long isoform of the bacterial enzyme cytidine deaminase (CDD L ), seen primarily in Gammaproteobacteria. In a colon cancer mouse model, gemcitabine resistance was induced by intratumor Gammaproteobacteria, dependent on bacterial CDD L expression, and abrogated by cotreatment with the antibiotic ciprofloxacin. Gemcitabine is commonly used to treat pancreatic ductal adenocarcinoma (PDAC), and we hypothesized that intratumor bacteria might contribute to drug resistance of these tumors. Consistent with this possibility, we found that of the 113 human PDACs that were tested, 86 (76%) were positive for bacteria, mainly Gammaproteobacteria.
D
espite substantial advances in cancer treatment, resistance to therapy remains a foremost challenge. Several laboratories have reported that nonmalignant cells in the tumor microenvironment contribute to anticancer drug resistance (1) (2) (3) (4) (5) . For example, resistance to small-molecule RAF inhibitors is conferred by tumor-associated fibroblasts that secrete hepatocyte growth factor (HGF) (5, 6) . Certain non-HGF-secreting fibroblasts can also confer anticancer drug resistance. We found that when we cocultured human dermal fibroblasts (HDFs) [isolated from a patient who had undergone skin reduction surgery (table S1)] with colorectal and pancreatic cancer cell lines, the cancer cells were more resistant to the chemotherapeutic drug gemcitabine (figs. S1 and S2) (5) . Gemcitabine is a nucleoside analog (2′,2′-difluorodeoxycytidine) used to treat patients with pancreatic, lung, breast, or bladder cancers. Conditioned medium from these fibroblasts was sufficient for the induction of drug resistance, suggesting that resistance was conferred by a secreted factor (Fig. 1A) . Resistance was lost, however, when fibroblast-conditioned medium was passed through a 0.45-mm filter (Fig. 1A ), suggesting that a very large particle, such as a microbe, may be the mediator of resistance.
Follow-up studies showed that the HDFs contained Mycoplasma DNA ( fig. S3 ), and wholegenome sequencing of HDF-conditioned medium showed that nearly 99% of the reads were attributed to Mycoplasma hyorhinis (table S2) . To investigate the possibility of a causal relationship between Mycoplasma and drug resistance, we treated the Mycoplasma-infected HDFs with the anti-Mycoplasma antibiotic G418 (supplementary methods). Antibiotic-treated HDFs could no longer induce gemcitabine resistance when cocultured with the RKO colorectal carcinoma cell line (Fig. 1A) . To explore whether M. hyorhinis decreases the sensitivity of cancer cells to gemcitabine in vivo, we created a syngeneic cancer mouse model by subcutaneously transplanting M. hyorhinis-positive or -negative MC-26 mouse colon carcinoma cells into the flanks of BALB/c mice. We found that the M. hyorhinisinfected carcinoma cells exhibited gemcitabine resistance in vivo (Fig. 1B) .
To study the basis of M. hyorhinis-induced gemcitabine resistance, we incubated gemcitabine with HDF-conditioned medium and analyzed the resulting medium by high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS). This experiment revealed that conditioned medium from M. hyorhinis-infected HDFs metabolizes gemcitabine into its deaminated inactive metabolite 2′,2′-difluorodeoxyuridine (7), as has been previously reported (8, 9) (Fig. 1C  and fig. S4 ). Furthermore, although antibiotic treatment of HDFs abolished the gemcitabinemetabolizing activity, reinfection of these same HDFs with M. hyorhinis restored gemcitabine metabolism by the cells' conditioned medium ( fig. S5 ).
To determine whether bacteria other than Mycoplasma can confer resistance to gemcitabine, we extended our analysis to 27 bacterial species. Bacteria were incubated with gemcitabine for 3 hours and then filtered out. The bacteria-free filtrate was added to RKO human colorectal carcinoma cells whose growth was monitored for 7 days (supplementary methods). Thirteen of the 27 species tested eliminated the effect of gemcitabine on RKO human colorectal carcinoma cells, indicating that the resistance mechanism was not restricted to Mycoplasma (table S3) .
To find the bacterial genes involved in gemcitabine resistance, we first considered the bacterial enzyme cytidine deaminase (CDD) because it was previously shown to mediate gemcitabine deamination by Mycoplasma (8) . According to the Kyoto Encyclopedia of Genes and Genomes (KEGG) (10), of 2674 bacterial species analyzed, 11.4% contained an~880-nucleotide long form of CDD (CDD L ), 44.4% contained a~400-nucleotide short form (CDD S ), and 44.2% lacked CDD entirely ( Fig.   2A and table S4 ). 98.4% of the CDD L -containing species belonged to the Gammaproteobacteria class ( fig. S6 and table S5 ).
Next, we examined whether the differential ability of the 27 bacterial species to confer gemcitabine resistance may be explained by the bacteria's specific CDD isoform. We found that all (12/12) species that expressed CDD L conferred resistance, whereas none (0/6) of those lacking CDD and only one (1/9) of those expressing CDD S mediated this effect (table S3) . For a subset of these bacteria, we confirmed that the rescue was mediated by gemcitabine metabolism (Fig. 2B and fig.  S7 ). The only bacterium that could confer gemcitabine resistance despite expressing CDD S was M. hyorhinis (table S3) . The gemcitabine concentrations used in this experiment had no effect on the in vitro growth of bacteria, regardless of their CDD status ( fig. S8 ). To confirm that CDD L was required for gemcitabine resistance, we tested CDD L -deficient Escherichia coli and found that these bacteria lacked the ability to metabolize gemcitabine ( Fig. 2C and figs. S9 and S10).
Complementing the CDD L -deficient E. coli with CDD L restored gemcitabine metabolism capability but complementing with CDD S restored gemcitabine metabolism only partially, consistent with our observation that conferring resistance to gemcitabine is preferential to CDD L -containing bacteria (figs. S9 and S10). We also found that in the CDD L -containing E. coli, loss of the nucleoside transporter NupC (11) partially abrogated gemcitabine metabolism (Fig. 2C) , presumably reflecting the need for bacteria to internalize the drug before metabolizing it. These findings suggest that certain bacterial species, principally those belonging to the Gammaproteobacteria class (table S5) , have the potential to confer CDD L -mediated gemcitabine resistance. We also found that some bacteria conferred resistance to the cancer drug oxaliplatin ( fig. S11 ). Oxaliplatin resistance, however, was not CDD L -mediated, as CDD-deficient bacteria retained the ability to confer resistance to oxaliplatin ( fig. S12) . so that both bacteria and tumor cells could be monitored in vivo through luminescence imaging (Fig. 3A) . Mice were then treated with gemcitabine with or without antibiotic (ciprofloxacin) by intraperitoneal injection. In vivo imaging of antibiotic-treated mice confirmed the absence of detectable bacteria, whereas bacteria were detected in control-treated mice (Fig. 3B) . Antibiotictreated mice displayed a marked antitumor response to gemcitabine, whereas control-treated mice displayed rapid tumor progression (P < 0.001) (Fig. 3C) . As expected, CDD-deficient E. coli failed to induce drug resistance in this model (Fig. 3D) .
To exclude the possibility that the bacteriamediated resistance observed in vivo was achieved through systemic exposure of bacteria to the drug (e.g., in the peritoneum or in blood), we used an implantable microdevice capable of local gemcitabine delivery, with or without antibiotic, directly into the tumor, allowing each tumor to serve as its own control (13) . Histological staining for cleaved caspase 3, a marker of tumor cell apoptosis, revealed that there was significantly more apoptosis when gemcitabine was delivered in combination with antibiotic than when either agent was delivered alone (P < 0.001) (Fig. 3, E and F) .
We next examined whether bacteria are present within the microenvironment of human tumors. We focused on pancreatic ductal adenocarcinoma (PDAC) because of the central role of gemcitabine in the treatment of patients with this type of cancer. Human PDAC samples (N = 113) obtained during pancreatic cancer surgery were first analyzed by real-time quantitative polymerase chain reaction (qPCR) to detect bacterial 16S ribosomal DNA (rDNA). Particular attention was paid to maintaining sterile technique and to using methods optimized for bacterial DNA extraction (14) . As a control, we evaluated 20 samples from normal human pancreas, obtained from organ donors. Bacterial DNA was detected in 86/113 (76%) PDAC samples and in only 3/20 (15%) normal pancreas controls (P < 0.005) (Fig. 4A,  fig. S13 , and table S6). Assuming a mass of 8 pg of DNA per cancer cell, we estimated that bacteriacolonized PDAC samples had an average of one bacterium per 146 human cells [95% confidence interval (CI) = 53 to 201 cells]. To confirm the presence of bacteria within tumors using non-PCR-based methods, we performed ribosomal RNA (rRNA) fluorescence in situ hybridization, using probes targeting bacterial 16S rRNA (15) , and immunohistochemistry, using an antibacterial lipopolysaccharide (LPS) antibody. These approaches confirmed the presence of intratumor bacteria in human PDAC samples (Fig. 4 , B and C, and figs. S14 to S16).
To determine which bacteria were present in these human PDAC samples, we performed deep sequencing of PCR-amplified bacterial 16S rDNA on 65 out of the 113 PDAC tumors. The most common species identified (comprising 51.7% of all reads) belong to the class Gammaproteobacteria; most are members of the Enterobacteriaceae and Pseudomonadaceae families (Fig. 4D, fig. S17 , and table S7). Proteobacteria are abundant in the duodenum (16, 17) , to which the pancreatic duct opens, suggesting that retrograde bacterial migration from the duodenum to the pancreas could be a source of PDACassociated bacteria. Consistent with this hypothesis, we observed that patients who underwent instrumentation of the pancreatic duct had significantly more bacteria in their tumors than did those who did not undergo instrumentation (P < 0.05 by the Wilcoxon rank sum test, table S6). Note that Enterobacteriaceae express CDD L (table S5) , consistent with the possibility that these bacteria contribute to gemcitabine resistance. To confirm that bacteria derived from human PDACs can mediate gemcitabine resistance, we cultured bacteria from 15 fresh human PDAC tumors and found that 14/15 (93%) rendered the RKO and HCT116 human colon carcinoma cell lines fully resistant to gemcitabine ( fig. S18) .
Collectively, our results indicate that PDACs contain bacteria that can potentially modulate tumor sensitivity to gemcitabine. Earlier studies on the association between bacteria and cancer have focused primarily on exploring (i) the role of bacteria in tumor pathogenesis, (ii) the potential of gut bacteria to modulate antitumor immune responses (18, 19) , and (iii) the contribution of bacterial metabolism to the adverse effects of chemotherapy (20) . Here we demonstrate that bacteria are a component of the PDAC tumor microenvironment. Regardless of whether bacteria are involved in tumor pathogenesis or exist as opportunistic residents (21) , they may play a critical role in mediating resistance to chemotherapy. In contrast to other mechanisms that affect the half-life of anticancer drugs (such as liver-expressed drug-metabolizing enzymes), the presence of bacteria in human tumors may paradoxically result in drug concentrations that are lower in the tumor than in other organs. This resistance mechanism is also distinct from a recent report of bacteria conferring drug resistance by the induction of tumor cell autophagy in colorectal cancer (22) . Our observation that antitumor drug responses can be potentiated by coadministration of antibiotics suggests that such combinations merit additional exploration in the preclinical and clinical setting. The potential effect of intratumor bacteria on tumor immunity also deserves exploration.
